particle diameter. Thus, the total volume of the particles of smaller size is less than that of the larger particles, even though the total number of larger sized particles is smaller .
According to Lawler et al. (1980) , particle size distributions in aqueous suspensions can be expressed as a potential law function: [1] where N is the number of particles per volume unit, D p is the particle diameter, and α and β are empirical constants. The empirical constant α is a coefficient related to the total concentration of particulate solids in the system. Exponent β results from the interaction between different physical processes such as coagulation and sedimentation (Lawler et al., 1980) . It also provides an estimate of particle diameter. If the value of β is low, then large diameter particles predominate in the effluent, if it is high, then small particles are in the majority (Lawler et al., 1980; Adin and Elimelech, 1989) . The potential law of equation [1] can be applied when the particles have a diameter > 1 µm (Adin, 1999) and a unimodal distribution (Adin and Elimelech, 1989) .
Determining the particle size distribution helps in the assessment of the efficiency of filtration systems since it can detect problems that other methods cannot (Hatukai et al., 1997; Kobler and Boller, 1997) . However, Boller et al. (1997) indicate that particle size distribution analysis is not representative of particle transport due to the mixing and formation of preferential channels, although they accept its validity for assessing the differences between the retention of small and large particles.
The effect of filtration on effluent particle distribution has not been widely studied with the usual filters used in drip irrigation systems. Some studies with screen and sand filters do, however, stand out (Adin and Alon, 1986; Adin, 1987; Adin and Elimelech, 1989; Tajrishy et al., 1994) . The main conclusions of these studies are that sand filters are more efficient than screen filters at removing effluent particles that commonly plug emitters (10-80 µm in diameter), although the retention of solid particles never surpassed 20%, even in the best cases . One of the main problems is that particles retained in the filter are gradually released, mainly due to the pressure increase during the filtration cycle. This means that aggregates of up to 20 µm could form in the filtrate (Adin, 1999) .
The aims of the present work were to characterize the particle size and volume distributions of different effluents used in microirrigation, to determine the effect of different filters on the variation of their particle distributions, and to assess the quality of filtration on the basis of particle retention.
Material and Methods

Filtration experiments
The experimental material included five different effluents. Effluent 1, which received only preliminary treatment, was wastewater from a meat industry. Effluent 2 was the effluent produced after wastewater secondary treatment involving a sludge process at a wastewater treatment plant (WWTP) in Girona. Effluent 3 was the previous effluent filtered through a sand filter for microirrigation systems; its effective grain size (the mesh size that retains 90% of the sand mass) was 0.65 mm and its uniformity coefficient (the ratio between the mesh sizes that retain 40% and 90% of the sand) was 1.3. Effluent 4 was the effluent produced after wastewater secondary treatment involving a sludge process at CastellPlatja d'Aro WWTP. Finally, Effluent 5 was that produced after tertiary treatment at the same plant. This was obtained by filtering the secondary effluent through sand (effective grain size of 0.45 mm, uniformity coefficient 1.6) and disinfecting the product using ultraviolet light and chlorination treatments. Table 1 shows the means and standard deviations of some of the physical and chemical variables of the different effluents used. The three most common filter types used in microirrigation systems -screen, disc and sand-were represented in different tests. The filters used with Effluents 1 and 2 were: a) three nylon screen filters 50.8 mm in diameter, with a total filtration surface of 946 cm 2 and pore sizes of 98 µm (S98), 115 µm (S115) and 178 µm (S178), b) three disc filters 50.8 mm in diameter with a filtration surface of 953 cm 2 and pore sizes of 115 µm (D115), 130 µm (D130) and 200 µm (D200), and c) a sand filter 508 mm in diameter with a filtration surface of 1,963 cm 2 , and filled with 175 kg of sand as a single filtration layer. The effective diameter and the uniformity coefficient of the sand were 0.65 mm and 1.3 respectively. For Effluent 3, all the previous disc and screen filters were used, except the sand filter. For effluent 4, an inclined 130 µm nylon screen filter (S130) (50.8 mm in diameter with a filtration surface of 640 cm 2 ) and a 130 µm disc filter (D130) (50.8 mm in diameter with a filtration surface of 953 cm 2 ) were tested. For Effluent 5, only a screen filter with the same characteristics as that used with Effluent 4 (S130) was tested.
The aim of the experiments was to determine the head loss across the filters and the filtrate volume at regular time intervals until the head loss reached a value of 49 kPa. At this point the filters were cleaned. The screen and disc f ilters were cleaned manually using water under pressure. A backwashing system was used with the sand filter until the sand was clean. Table 2 shows the means and standard deviations of the surface filtration velocities. The average pressure at the disc and screen filter inlets was 124 kPa, 82 kPa, 61 kPa, 225 kPa and 242 kPa when using Effluents 1, 2, 3, 4 and 5 respectively. The sand filter operated under a mean pressure of 163 kPa with Effluent 1, and 80 kPa with Effluent 2.
In each experiment, samples of effluents were taken at the filter entry and exit points at different times. For Effluents 1, 4 and 5, seven samples were taken at the entry and exit points; ten samples were taken for Effluents 2 and 3.
Particle analysis
The particle size and volume distributions, and the number of particles at each sample point, were determined using a Galai Cis1 laser analyser (Galai Production Inc., Israel). The volume distributions were obtained at the 95% conf idence level. The particle diameter determination intervals were 5-600 µm for Effluents 1, 2 and 3, and 2-300 µm for Effluents 4 and 5. These intervals were f ixed for each effluent in preliminary trials.
In the particle analyser, a 5 ml cuvette was used in most cases to hold the effluent sample. A magnetic stirrer in this cell provided continuous agitation to avoid settling. Due to the high turbidity of Effluent 1, samples were diluted with distilled water in a proportion of 1:6.5. The particle size distributions of the diluted and original samples were very similar, probably because the dilution factor used was low. A continuous cuvette was used with this effluent; the fluid therefore circulated continuously to guarantee a constant and homogeneous suspension over time.
Efficiency of particle and solid removal
Using the data on particle size distribution and total suspended solids (TSS) at the f ilter entry and exit points, the eff iciency (E) of the different f ilters at removing both was calculated by employing the equation:
where N o and N are the values of the variables in the unfiltered and filtered effluents respectively.
Statistical analysis
The data obtained in the filtration experiments were fitted to equation [1] using the REG procedure of the SAS statistical package (SAS, 1999) . This allowed the α and β exponents of equation [1] to be determined for each effluent and filtrate. Duncan's test was used to compare the means of α and β as well as the particle and TSS removal efficiencies. Significance was set at P < 0.05.
Results
Particle size distribution Figure 1 shows the mean particle size distribution of Effluent 2 before and after filtration. It was similar to that of the other effluents: unimodal and with small particles clearly predominating over large particles. Particles with a diameter of < 14 µm made up about 86% of Effluent 1 particles, 94% of Effluent 2 and 3 particles, and 98% of Effluent 4 and 5 particles. No important differences were seen in terms of the particle size distribution of the effluents either before or after filtering. Table 3 shows the fit of the particle size distributions for the different effluents and filtrates to the potential law of equation [1] . Despite the variability of the regression coeff icients, all f its were statistically significant (P < 0.05). No significant differences were seen in the α coefficients or β exponents of the effluents and their filtrates (except that the α coefficient of the f iltrate produced by the 130 µm disc f ilter was significantly greater than that of the sand filter when Effluent 1 was tested).
Particle and solid removal efficiencies of filters
Since the comparison of the mean particle size distributions allowed no testing of the ability of the filters to retain particles, the total particle and TSS removal efficiencies were determined using equation [2] (Table 4) . Negative efficiencies indicate an increase in particle number and TSS at the filter outlet. The results were very variable probably due to the differences in the composition of the effluents; indeed, the results obtained with same filter differed depending on the test effluent. In some cases, the agreement between particle and TSS removal efficiencies was low.
With Effluent 1 (the poorest quality effluent), only the sand filter achieved significant reductions in the number of particles and TSS. With Effluent 2, the TSS removal efficiencies of the sand, disc and screen filters were the same, although the particle removal efficiency of the 115 µm disc filter and the 98 µm screen filter was significantly higher than that achieved with the sand filter. When Effluents 3, 4 and 5 were used, the disc and screen filters showed no significant differences in terms of reducing the TSS or number of particles. However, the 115 µm disc filter achieved greater reductions in the number of particles than did the 130 or 200 µm disc filters when testing with Effluent 3.
The average removal efficiencies for each particle diameter interval were also analysed. Figure 2 shows the efficiency of the 130 µm disc filter in relation to the different effluents. Negative efficiencies were seen for some particle diameters in all the effluents tested; this means that the number of particles in the filtrate was higher than in the influent. Twenty percent of the
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Effluent 2 D115 D130 D200 S98 S115 S178 Sand particles with a diameter of 130 µm were retained, while 80% of the 175 µm particles were removed when Effluent 1 was filtered through the 130 µm disc filter. This filter achieved the complete removal of particles larger than 85 µm from Effluent 3, and achieved the same for particles over 35 µm in Effluent 4. Nevertheless, with Effluent 2, particles below 14 µm and over 65 µm were not retained. Thus, negative efficiencies of 100% were reached for the 175 µm particle diameter. The release of particles that later formed aggregates with a larger diameter was observed with all disc filters and with the 115 µm and 178 µm screen filters operating with the Effluent 2. Figure 3 shows the filtration efficiencies achieved with the 115 µm screen filter. The 98 µm screen showed the worst behaviour when using Effluent 3, due to a degradation of the screen.
The sand filter was the most efficient with both Effluents 1 and 2 (Fig. 4) . With Effluent 1, sand filtering removed particles of all diameters, and achieved the total retention of particles with a diameter of > 45 µm. However, with Effluent 2, the efficiency of this filter was only positive with particle diameters > 25 µm; efficiency was nearly 100% when the particle size was > 125 µm. This difference in the removal of particles of different diameters explains why the sand filter had a filtration efficiency of 68.9% (with respect to total particles) with Effluent 1, but only 2.70% with Effluent 2 (Table 4) . 2.57 ± 0.06 0.880-0.964 S115 3.9 · 10 6 ± 1.1 · 10 6 ab 2.54 ± 0.10 0.893-0.920 S178 2.6 · 10 6 ± 0.5 · 10 produced by the disc and screen filters working with Effluent 1 and, in particular, Effluent 2, volumes of particles with diameters larger than the filter pores were seen. When the sand f ilter was used, no such result was seen: particles with a diameter of > 45 µm were not seen in the filtrate of Effluent 1, nor were particles > 450 µm seen in that of Effluent 2. The screen and disc f ilters only very slightly attenuated the particle volume distribution of Effluent 3 (which was obtained by f iltering Effluent 2 with sand; effective grain size 0.65 mm). Only the filtrate produced by the 98 µm screen filter showed a larger volume of particles in the 100-200 µm diameter interval than that found in the initial effluent. This was also observed when the filtration efficiency was studied with respect to the particle size distribution.
Particle volume distribution
The 130 µm disc f ilter and 130 µm screen f ilter retained particle volumes from a diameter of 30 µm when Effluent 4 was filtered. This effluent had few particles with larger dimensions; the f ilters were therefore more effective at filtering this effluent than the others.
Finally, the 130 µm screen only released a larger volume of particles in the 15-20 µm diameter interval than that seen in the original Effluent 5 (data not shown). For the other particle diameters, the volume of filtrate Effluents and filters defined in Tables 1 and 2 . Within each effluent section, different letters show significant differences (P < 0.05). particles was slightly smaller than those obtained with the other effluents.
Discussion
The mean particle size distribution results obtained agree with those reported by Ravina et al. (1995) , who found that, in irrigation effluents, 98% of the suspended solids was composed of particles with a diameter of < 100 µm. Adin and Elimelech (1989) found that more than the 90% of the particles of reservoir effluents had a diameter < 10 µm.
The superposition observed in the mean particle size distributions was due to particles with a diameter of < 10 µm not usually being retained by the filters (Adin and Elimelech, 1989) . In fact, in all the analysed filtrates there were large numbers of particles of this size.
In all effluents, most of the particles were smaller than the filter pores, but the filters still became clogged; this was also observed by Adin and Alon (1986). The particle size distribution only shows the number of particles present, it does not take into account the volume of particles that can clog a filter or emitter.
The greater reduction in the number of particles and TSS achieved by the sand filter (compared to the disc and screen filters) when using Effluent 1 agreed with that reported by Tajrishy et al. (1994) . In most of cases, the reductions achieved in TSS with the different effluents were not great with the screen and disc filters; this agrees with the results of other authors (Adin and Elimelech, 1989; Ravina et al., 1997) . Nevertheless, it is surprising that the efficiency of the screen filters (compared to the disc filters) in reducing both the TSS and the number of particles was slightly higher with Effluent 1. Theoretically, disc filters should, of course, retain more solids than screen f ilters. The thicker filtration cake formed in the screen filters may have played an important role in this. The better performance of screen filters with some effluents can reduce emitter clogging (Puig-Bargués et al., 2003) .
An increase was seen in suspended solids but not in the number of particles at the outlet of most of the disc and screen filters when using Effluent 3. The greater quantities of solids at the filter exits, shown by their negative efficiency, were probably due to their detachment from the filter cake, as observed by Adin and Alon (1986) . When biological particles are retained in the filter and the pressure increases, these particles can become deformed and pass through. Poor agreement was observed between the TSS and particle removal efficiencies. The explanation might be that all the particles were counted to determine their number, but to determine TSS a 2 µm filter was used to retain the suspended solids. Thus, the small particles -the most numerous-were not taken into account in the TSS analysis.
Although the particle removal efficiencies describes what happens with all the particles together, it is important to know whether filters can retain particles of all diameters. The particle removal eff iciencies varied for each particle diameter and effluent. Thus, there was no diameter of particle that was specifically retained by the same filter when different effluents were used. Once hydraulic problems in the filters are discarded, the negative filter efficiencies seen with Effluent 2 can only be explained by the presence of a weak particle aggregate. If this aggregate were retained on a disc or screen filter, a soft filtration cake would be formed, unlike that produced by Effluent 1. As head losses in the filters became higher during the filtration cycle, the filter inlet pressure would increase and the filtration cake would break into small particles that could pass through the f ilter and later regroup, as indicated by Adin and Alon (1986) . Neis and Tiehm (1997) indicate that there are some effluents with particles that are less resistant to deformation than others, so aggregate breaking may occur often. Tiehm et al. (1999) found that the particle diameter was smaller in secondary effluents than in primary effluents, which might explain the poor f iltering performance with Effluent 2. Nevertheless, no such problem was seen with the other secondary or tertiary effluents (Effluents 3, 4 and 5).
The poor performance of the disc and screen filters with Effluent 2 was determined by analysing their efficiency in removing different sized particle, not by studying their eff iciency in removing all particles. Since the filters retained some of the small particles (the most numerous), the particle removal efficiency was positive and no information was provided on particle release.
The results of this study do not agree with those of Arnó (1990) , who reported that the screen filter to provide the best performance for filtering sand particles with a diameter of between 200 and 300 µm was the 130 µm filter. For sand particles with a diameter of between 80 and 200 µm, the best were the 80 µm and 100 µm screen filters. The results of the present paper were obtained in field conditions and working with effluents that had inorganic and organic particles; these might have more irregular shapes than sand particles, making their retention more difficult.
All the f its of the particle size distributions to equation [1] (Table 3 ) were significant and showed high regression coefficients. This confirms the validity of the model when unimodal particle size distributions are used; similar findings have been reported by other authors (Lawler et al., 1980; Adin and Elimelech, 1989; Alon and Adin, 1994; Kaminski et al., 1997; Van der Graaf et al., 2001) . Kaminski et al. (1997) showed a better fit for the f iltrate than the f ilter influent with respect to the potential law since the ratio between the entry and exit particle distribution changed during filtration. However, the results of Table 3 show no better adjustments for the filtrate particle size distribution.
The α coefficients of the effluents and filtrates were similar; in fact only the filtrates produced with the 130 µm disc filter and the sand filters had different values when Effluent 1 was used. This means that the number of particles in the sand filter filtrate was smaller than in the 130 µm disc filtrate, as shown by the particle removal efficiency. For this effluent, no differences were seen between the filtrate produced by the sand filter and that of the other disc and screen filtrates.
The exponent β values for Effluents 1, 2 and 3 were between 2.2 and 2.6, clearly lower than those for Effluents 4 and 5 (3.6 and 4.1 respectively). These β values are similar to those reported by Lawler et al. (1980) who worked with secondary effluents obtained from a sludge process (between 2.2 and 4.7), and Van der Graaf et al. (2001) (β = 2.75, also with secondary effluents). Neis and Tiehm (1997) , however, reported values equal to or lower than 1. The higher β values for Effluents 4 and 5 indicate a smaller presence of particles with larger diameters.
The fact that the β exponents of the filtrates were not significantly different from those of the effluents indicates that the filters do not retain the particles. Despite the strong variation, there was only a tendency for β to decrease with all filters when Effluent 2 was used. This shows that there were particles with large diameters present in the f iltrate as a result of the aggregation of particles of smaller size (Kaminski et al., 1997; van der Graaf et al., 2001 ), as mentioned above for Effluent 2. Nevertheless, the β value increased for most of the filtrates of Effluents 1, 3 and 4, showing that the filters retained the larger diameter particles.
The particle volume distributions showed whether the particles larger than the filter pores were present in the filtrates of Effluents 1, 2 and 3. This gives more useful information about the performance of the filters than does the particle size distribution alone.
The particle volume distribution was multimodal for most of the effluents. As reported by Tajrishy et al. (1994) , in this multimodal distribution there were two particle diameters with the highest particle volume frequencies. Tajrishy et al. (1994) verified that in a granular filtration medium of 0.45 mm effective grain size, particles of around 40 µm were removed, causing an increase in the 1 µm and 35 µm diameter particles in the particle size distribution. Although the particle diameter interval considered in the present study was wider, the results obtained with the sand f ilter confirmed this tendency; with a particle diameter from 40 µm upwards, the particle diameter volume decreased with respect to the initial effluent. The validity of this observation is corroborated by Adin (1999) , who affirms that, independent of the effective sand grain size, there is practically no difference in the removal of particles with a diameter 10-60 µm. The removal of particles with these diameter intervals is of health interest since it could include helminth eggs (diameter 20-80 µm) (Landa et al., 1997) .
